An extracellular enzyme produced by Pseudomonas aeruginosa had a lytic effect on lyophilized Staphylococcus aureus cells. It was purified from the culture supernatant by ammonium sulfate fractionation followed by column chromatography with P cellulose and Sephadex G-50. The molecular weight of the enzyme was estimated to be 19,000 ± 1,750 with sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The pI of the enzyme was estimated to be 8.5 with isoelectric focusing. The enzyme was inactive in 4% NaCI-40 mM sodium phosphate buffer or at pH values lower than 6.0 or higher than 11.0; however, it was not affected by 1 M sucrose or 0.25% heat-denatured horse serum. The action of the enzyme on cultures of S. aureus resulted in the presence of many cells lacking cell walls. In addition, when cultivation was carried out on osmotically stabilized solid media, these cell wall-deficient cells developed in L-form colonies.
Substances excreted in the culture media by Pseudomonas aeruginosa have been largely involved in several aspects of the biology of this bacterium. Some of them, proteases and elastases, have been reported as virulence factors (9, 13, 14) . Some proteases, collectively called staphylolytic substances, have been purified by several authors who reported them as enzymes exhibiting in vitro lytic action on lyophilized cells of Staphylococcus aureus (6, 8, 18, 19) .
In our laboratory, an interaction between P. aeruginosa and S. aureus was studied and reported as an amensalistic relation resulting in inhibition of the growth of S. aureus (2) caused by extracellular substances from P. aeruginosa, active not only on lyophilized cells but on growing cells of S. aureus as well (15) .
The possibility that staphylolytic substances would act on the cell walls of members of the family Micrococcaceae was considered by Lache et al. (8) , and we have reported that the action of the staphylolytic substances from P. aeruginosa results in structural damages in the cell wall of S. aureus (11) .
Taking these facts into account, it was considered necessary to explore the possibility that some of those substances induce forms of S. aureus which lack cell walls and are able to grow as L-form colonies. If this is so, the results could explain therapeutic failures in patients simultaneously infected with P. aeruginosa and S. aureus.
The aim of this paper is to report the formation of L-form colonies by S. aureus cells when cultured in the presence of a purified extracellular enzyme from P. aeruginosa.
MATERIALS AND METHODS
Bacterial strains and culture conditions. P. aeruginosa PAKS 1, kindly supplied by B. Wretlind, was used as a source of the staphylolytic enzyme. This strain was originally isolated in 1970 from a urine specimen at the Karolinska Hospital, Stockholm, Sweden (18) , and it was selected for this work on the basis of its ability to produce extracellular proteases (18 17 ,000 x g for 30 min and dissolved in 10 mM sodium phosphate buffer (pH 8.5).
Desalting of the sample was carried out by chromatography through a column (21 by 3 cm) of Bio-Gel P-2 (Bio-Rad Laboratories, Richmond, Calif.) equilibrated with 10 mM sodium phosphate buffer (pH 8.5), which was also used as eluent. A 25-ml sample was applied to the column. The flow rate was 30 ml/h, and 5-ml fractions were collected. The contents of tubes 12 to 20 were combined, and they were found to contain most of the staphylolytic activity.
A sample (19 ml) of the volume of the lytic solution recovered from the Bio-Gel column was passed through a Pcellulose (Cellex-P, Bio-Rad) column ( Assay of the lytic activity. Lytic activity was normally assayed at 37°C, and the reduction of turbidity at 535 nm of a suspension of lyophilized S. auieus cells (having an initial turbidity of 0.5 at that wavelength) in 10 mM sodium phosphate buffer (pH 8.5) was determined photometrically. These suspensions contained about 108 CFU/ml. One lytic enzyme unit (LU) was defined as the amount of enzyme necessary to cause a turbidity decrease of 0.01 absorbance units per minute in such conditions.
The activity of the lytic enzyme was also assayed on suspensions of lyophilized P. acruginosa cells in 10 mM sodium phosphate buffer. As for S. aureus, the suspensions had an initial turbidity of 0.5 A535 units.
Study of conditions for lytic activity. To study the effects of pH on the activity of the lytic enzyme, suspensions of lyophilized cells of S. aureus were prepared in 10 mM sodium phosphate buffer followed by 10 mM ammonium acetate buffer, which had pH values that ranged from 4.0 to 11.0. The lytic enzyme (40 LU/ml) was added to these suspensions, and the decrease in turbidity at 535 nm over a 5-min period was determined.
To study the effect of the temperature, suspensions of lyophilized S. aureus cells in 10 mM sodium phosphate buffer (pH 8.5) were incubated for 15 min at 12, 20, 30, 37, 45, 50, and 56°C, and the lytic enzyme (40 LU/ml) was then added to each of these suspensions. The decrease in turbidity at 535 nm over a 5-min period was determined.
The effect of the molarity of the buffer was determined by using 5, 10, 20, 30, 40, and 50 mM (all at pH 8.5) sodium phosphate buffer to prepare the suspensions of lyophilized S. aureus cells. The lytic enzyme (40 LU/ml) was added to each of these suspensions, and the decrease in turbidity at 535 nm over a 5-min period at 37°C was monitored. [10] ).
Thirdly, the activity was also assayed in MYG medium with or without 1 M sucrose, as well as in MYG medium modified by raising its pH to 8.5 and decreasing the phosphate content to 10 mM. In all cases, the activity was measured by monitoring not only the drop in turbidity of the lyophilized-cell suspensions but also by viable count on agar (2%, wt/vol) containing MYG medium.
Effects of the lytic enzyme on cultures of S. aureus. In order to study the effects of the lytic enzyme on the growth of S. atreiis, this bacterium was grown in horse serum in MYG medium with or without 1 M sucrose. Cultures were incubated at 37°C on a rotatory shaker until they numbered about 109 CFU/ml. The lytic enzyme (40 LU/ml) was then added, and the incubation was prolonged for one more hour. Samples were collected at 15-min intervals. For each sample, turbidity at 535 nm and the number of viable cells were determined. The viable counts were performed on plates containing agar-solidified (2%, wt/vol) MYG medium with or without 1 M sucrose or 0.25% horse serum.
Detection of L-forms. L-like forms were detected by the following criteria: ability to form fried-egg colonies, incrustation into the agar, negative reaction against Gram staining, reversibility to normal colonies, and absence in MYG medium without sucrose and horse serum.
Electron microscopy. For examination, cells were fixed at 4°C for 4 h in 4% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) containing 0.1% MgSO4 and 1 M sucrose. The fixed cells were harvested by centrifugation, and the pellet was embedded in 2% Noble agar (Difco Laboratories, Detroit, Mich.) in cacodylate buffer and washed three times in the same buffer. Specimens were then postfixed for 5 h at 4°C in 1%c OS04 in the same buffer. At each step, 0.1% MgSO4 and 1 M sucrose were added.
After being washed several times in cacodylate buffer, specimens were dehydrated in a graded acetone series and embedded in Spurr resin. Thin sections were cut on an LKB Ultratome III and poststained with uranyl acetate for 30 min and then with lead nitrate for 5 min. Sections were examined on a Hitachi H300 transmission electron microscope at 75 kV. When samples were obtained from hypertonic cultures, all the fixation and washing buffers contained 1 M sucrose.
RESULTS AND DISCUSSION
Purification of the lytic enzyme. In supernatant fluids of 18-h-old cultures of P. aeruginosa PAKS l in MYG medium, staphylolytic activity (63.3 LU/ml) was detected for a protein content of 1.13 mg/ml. After purification, the specific activity was increased 122.23-fold. Table 1 shows a summary of the purification procedure.
The purified enzyme migrated as a single protein band in sodium dodecyl sulfate-polyacrylamide gel electrophoresis; its molecular weight was estimated to be 19,000 (Fig. 1) .
Isoelectric focusing of the purified enzyme also revealed one band at pH 8.5. Conditions for lytic activity. Lytic activity was maximal at pH 8.5, at 37°C, and in 10 mM sodium phosphate buffer. The enzyme was inactive when pH values were lower than 6.0 or higher than 10.5 and when the molarity of the buffer was equal to or greater than 40 mM. These results are similar to those reported by Burke and Pattee (6) from a study of a staphylolytic enzyme from P. aeruginosa X.
In view of the results mentioned above, lytic enzyme was assayed in 10 When the incubation buffer contained 4% NaCl, the lytic enzyme was not active.
In 1 M sucrose-containing buffer, the absorbance of the suspensions decreased slightly (0.15 A535 units), after 5 containing 10 mM sodium phosphate buffer and 0.25% heat-inactivated horse serum (A) and in the same medium to which 1 M sucrose was added (A). In both experiments, purified lytic enzyme (40 LU/ml) was added at time zero.
lower than the initial one, whereas in the presence of 1 M sucrose in the medium the number of viable cells was only 20 times lower than the initial one. This finding indicated that, in the presence of sucrose, the lytic enzyme remained active, as reflected by the decrease in the number of viable cells. The absorbance of the suspensions did not decrease. Therefore, sucrose, an osmotic stabilizer, prevented cellular lysis.
Heat-inactivated horse serum did not seem to affect the activity of the lytic enzyme, since both optical density and viable cell numbers were not significantly different from those observed in sodium phosphate buffer without horse serum.
The results obtained indicated that the activity of lytic enzyme on growing S. aureus cells had to be assayed in media without NaCI as a stabilizer. Sucrose as an osmotic stabilizer and horse serum were considered appropriate to assay that activity.
In Brorsons' medium (in which 1 M sucrose replaced NaCl), the activity was slight at pH values of 7.5 and 8.5 (the decreases in optical density during 5 min of incubation were only 0.03 and 0.09, respectively). Similar values of activity were detected in MYG medium at pH 7.5. However, the lytic activity measured in MYG medium with a pH which was raised to 8.5 (by using 10 mM sodium phosphate buffer instead of water) was similar to that observed in sodium phosphate buffer with a pH of 8.5 (the decrease in optical density after S min of incubation was 0.40 A535 units).
Induction of L-like forms of S. aureus. Figure 2 shows the evolution of cultures of S. aureus during 1 h after the addition of the lytic enzyme (40 LU/ml). The cultures were incubated in modified MYG medium (pH 8.5; 10 mM sodium phosphate buffer was used instead of water) at 37°C until the cell density reached about 5 x 108 CFU/ml, at which point the lytic enzyme was added (time zero in Fig. 2 (Fig. 3A) . These colonies were identified as L-form colonies according to the terminology proposed by McGee et al. (12) because of their fried-egg appearance and their ability to incrust into the agar and because they were whitish and formed gram-negative cocci. After 48 h of incubation at 37°C, they reverted to normal colonies (Fig. 3B) exhibited a golden color. were convex, did not incrust into the agar, and formed gram-positive cocci. These cocci were coagulase positive, and their profiles in the API Staph system were compatible with S. aur-eus.
In addition, an examination by electron microscopy of specimens from cultures of S. auireais in liquid MYG medium containing both 1 M sucrose and the lytic enzyme (40 LU/ml) revealed the presence of many cells lacking cell walls (Fig.  4) , which, according to our interpretation, could be responsible for the formation of L-form colonies.
Several strains of S. aurais have been described as able to produce spontaneous L-forms (5), but repeated incubations in both solid and liquid media with or without 1 M sucrose failed to produce spontaneous L-forms of the staphylococcal strain used in this work.
The results presented here indicated that the lytic enzyme produced by P. aeriiginos(a PAKS I can act on S. auraiis, inducing the formation of cell wall-deficient forms which, when cultivated on solid media with 1 M sucrose, produced L-form colonies. This conclusion is similar to that reported by Makino (10) on induction of L-forms of S. alureus by treatment with lysostaphin. a lytic enzyme produced by St(zphvlo(oc(cus staplhylolytàucs acting on the cell wall components of the staphylococci.
Burke and Pattee (6) reported the induction of celi walldeficient forms of S. aiiireiis by treatment with a staphylolytic enzyme from P. aerliginlosa. However, the detection of those forms was made only on the basis of the VOL. 27, 1989 on October 19, 2017 by guest http://jcm.asm.org/ Downloaded from osmotic sensitivity of the cells, and L-form colonies were not found by these authors, who also described lytic activity of the staphylolytic enzyme on P. aeruginosv(i under certain conditions; in our case, activity of the lytic enzyme on P. aeruginosa PAKS I was not detected after repeated attempts. In addition, homogeneity of the lytic enzyme was not accomplished by these authors and, consequently, data about molecular weight and pI were not reported. Lache et al. (8) reported an alternative method for purification of the same enzyme, but no characteristics were given.
Finally, Stepnaya et al. (16, 17) have recently published the isolation of two bacteriolytic enzymes from members of the family Pseudomonadaceae. One of them is lytic on S. aureus, but its molecular weight (15, 000) and pI (5. 3) are quite different from those of the enzyme we isolated. In addition, the enzyme purified by these authors also exhibited caseinolytic activity. The staphylolytic enzyme we purified was found to be inactive on casein.
